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Configuration interaction wave functions and potential energy curves have been calculated for 
the four lowest states of *II and ‘8 + symmetry and the lowest state of 42 -, *I; -, *A, and 411 
symmetry for the molecular ion HCl + . Dipole moment functions of the X *II and A 22 + 
states are presented as well as dipole moments for transitions from the X state to dipole- 
allowed excited states. The electronic wave functions were constructed to give a balanced 
description of Rydberg-valence interactions. The computed radiative lifetime of the 
X *II (v = 1) is found to be in good agreement with previous theoretical and experimental 
values. Oscillator strengths, transition probabilities, and radiative lifetimes are calculated for 
the A ‘8 +-X’II transition for vibrational levels v’<6 and compared.to previous theoretical 
and experimental results. Vibrational levels u’)7 of the A ‘5. + state are predissociated by the 
“II, 48 -, and ‘8 - states. Theoretical photodissociation cross sections are calculated showing 
that photodissociation occurs primarily through absorption into the (3) ‘II and (3) *Z + 
states in the wavelength region il < 100 nm and also the “X -, 2A, and (2) *II states for 
wavelengths R > 100 nm. 
I. INTRODUCTION 
We report here an extensive study of ten low-lying elec- 
tronic states of HClf in order to describe accurately the 
photodissociation of HCl + in radiation fields and to charac- 
terize the molecular states that control the charge transfer 
process, 
H+ +Cl=H+Cl+ -. (1) 
at thermal energies. The photodissociation of HCl + and the 
charge transfer process ( 1) are important elements in the 
chemistry of chlorine compounds in interstellar clouds.’ 
The A ‘8 +-X ‘II emission spectrum of the molecular 
ion HCl + and its isotopes has been investigated experimen- 
tally by Sheasley and Mathews,’ Mohlmann, Bhutani and 
de Heer,3 Martner et a1.,4 Glenewinkel-Meyer et al.,’ and 
Rodrigues and Campos6 and empirical values of the transi- 
tion dipole moment have been obtained.3,6 The lifetime of 
the A “Z + (v = 0) vibrational level has been measured by 
Martner et al4 and the lifetime of the v = 1 vibrational level 
of the ground X “II state has been measured by Heninger et 
aL7 and Javahery et aL8 
In theoretical studies, Raferty and Richards’ in a self- 
consistent field (SCF) calculation have drawn attention to 
the possible predissociation of the A ‘Z + state by spin-orbit 
coupling with the 411 state. Werner et a1.l’ have utilized 
paired natural orbital-configuration interaction (PNO-CI) 
and multiconfiguration self-consistent field-self-consistent 
electron pair (MCSCF-SCEP) methods to compute more 
accurate potential curves for the X ‘II and A *8 + states, 
dipole moments, and lifetimes of the vibrational levels of the 
A *Z + and X *II states. 
“‘Also Department of Physics, Massachusetts Institute of Technology, 
Cambridge, Massachusetts 02139. 
In this paper, we investigate the states of HCl+ which 
separate to H + Cl+ (3P), H+ + Cl(2P0), H + Cl+ (‘D), 
and H + Cl + ( ‘5’) and compare our results for~the X *Il and 
A ‘Z + states, the A-X transition moment functions, the 
X’II dipole moment function and the radiative lifetimes 
with previous studies. Photodissociation cross sections have 
been obtained for transitions from the lowest vibrational lev- 
el of the ground state, X “II to the repulsive electronic states 
of ‘2 + *8 -; ‘II, and “A symmetries. 
II. COMPUTATIONAL METHOD 
Figure ( 1) shows the seven lowest separated atom limits 
of HCl+ with their energy differences. States that are con- 
nected to the ground X*II state by dipole transitions have 
“II, *x6+, ‘B -, and ‘A symmetries. According to the 
Wigner-Witmer correlation rules, electronic states with 211 
symmetry correlate with the lowest three asymptotes and 
states with ‘X+ symmetry separate to H + + Cl( 2Po), 
H+Clf(1D),andH+C1+(1S).The2X-,42-,and411 
states correlate with the ground state dissociation limits and 
the “A symmetry state separates to H + Cl + ( ‘0). Many of 
the excited states are expected to have significant Rydberg- 
valence mixing at small nuclear separations and we attempt 
to include a balanced treatment of both valence and Rydberg 
character of the states in our wave functions. 
A fourth state of 211 symmetry and a fourth state of ‘8 + 
symmetry are included in this study, since they can be popu- 
lated by electric dipole transitions from the ground state and 
may play a role in photodissociation. It is expected that these 
states exhibit a high degree of Rydberg character and consid- 
erable configuration mixing with the many states that lie in 
close proximity. Thus the computational results for these 
high-lying states are only qualitative, our purpose being to 
explore their possible significance for photodissociation and 
not to provide definitive results on their structure. 
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H++ C1[3p4(‘D) 4s1*D] + *l-I, *Z+, ?A 
lo- 
H(2s) + Cl+(3P) d’ *rI *LX-, 4r’I, 4Z- 
H’+ CI[~P~(~P) 4s1*P] .-. 2n ’ 2z+ , 
s 
L 8- 
ii 
w 6- 
z 
H(lsl*S) + Cl+(3p41’S) -L *2+ 
H(isl*S) + Cl+(3p41’D) + *l-I, *Z+, *A 
H++ Cl(3p5i2Po) - 3-l 7 29 
H(lsl*S) + C1+(3p413P) --c *r~, *z‘, 4~, 4x- 
FIG. 1. Separated atom energy splittings. 
The electronic energies and wave functions were calcu- 
lated using the configuration interaction (CI) method. Each 
wave function was expanded in an orthonormal, n-particle 
basis set of C, u symmetry and equivalence restricted config- 
uration state functions (CsFs). These CSFs were linear 
combinations of Slater determinants which have the appro- 
priate molecular symmetry and multiplicity. The Slater de- 
terminants were constructed from an orthonormal set of mo- 
lecular orbitals which were expanded in terms of an 
elementary basis set of Slater-type functions (STF) centered 
at the atomic nuclei. 
The STF basis set used in these calculations is given in 
Table I. The (8s/6p/3d /2jJ chlorine basis set of McLean’* 
was augmented by an additional angular correlating 4d 
function. Rydberg 4sand 4p functions,~with exponents of 1.1 
and 0.4, respectively, were included in order to construct 
orbitals (whose description is given below) suitable in ac- 
counting for the Rydberg character in the excited states. The 
hydrogen basis set (W3pAd) was obtained taken from Sax- 
on et al. l3 
In the molecular binding region, the X ‘II state of HCI + 
has as its primary configuration lo22a23a21~44025cr22~ 
which evolves in the separated atom limit to * - *4a25cr6a2d. 
At small nuclear separations the 50 and 6a orbitals are 
3p, + Is, and 3p, i Is,, respectively, whereas at large 
nuclear separations they are localized on the Cl and H nu- 
clei, respectively. An SCF calculation of the ground X’lI 
state at an internuclear distance of 2.5 a, (very close to the 
equilibrium separation R, = 2.485 a0 ) yielded a value of 
- 459.5323 a.u. 
For each internuclear distance, the molecular orbitals 
used in the construction of the CI wave functions were ob- 
tained in a three step procedure. First, a complete active 
space SCF (CASSCF) calculation was performed in which 
the 1 - 40,1~- orbitals were considered frozen core orbitals 
and the active space consisted of the 5a,60, and 2?r orbitals 
with five electrons distributed among them. The average en- 
ergy of the first three ‘II states was minimized in the multi- 
configuration SCF (MCSCF) calculation in order to im- 
prove the description of the asymptotes at large nuclear 
separations. 
TABLE I. Slater-type function basis set for HCl + . 
Exponent (a,- ‘) 
nl Cl H” 
IS 19.432 8 1.7 
1s 14.328 44 1.0 
1s 0.5 
2s 11.44109 1.0 
2s 6.939 64 0.5 
2P 11.136 31 2.0 
2P 6.046 12 1.0 
2P 0.5 
3s 5.30 
3s 4.24141 
3s 2.637 53 
3s 1.728 65 
3P 4.0 
3P 3.305 56 
3P 1.998 19 
3P 1.295 
3d 3.306 
3d 1.998 
3d 1.295 
4s 1.1 
4P 0.4 
4d 1.45 
4f 2.57 
4f 1.665 
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In order to achieve a balanced description of Rydberg 
and valence character, it was necessary to obtain realistic 
Rydberg orbitals and to treat them on a par with the occu- 
pied valence orbitals. Rydberg orbitals were obtained by per- 
forming a five electron single excitation CI (SECI) with four 
electrons distributed within the 506~2~ valence space and 
one electron excited into a restricted virtual space. The Ryd- 
berg orbital was obtained from the lowest Rydberg state 
after a natural orbital analysis. Valence molecular orbitals 
from a ‘II SCF calculation were used as input to ensure that 
the 6a valence orbital was an occupied, not a correlating 
orbital. 
For the Q Rydberg orbital the valence space was subdi- 
vided into the. 50% and 2~ orbital partitions each of which 
was doubly occupied. The virtual space consisted of 25 u 
orbitals in one partition and. all other virtual orbitals in the 
other partition. The SEC1 was of 2x + symmetry and only 
single excitations were permitted into the space of 25 u orbi- 
tals. After natural orbital analysis, identification of the low- 
est u-type orbital with Rydberg character was made. It was 
composed primarily of the chlorine 4s basis function with 
coefficient C(4s) = 0.66 at a nuclear separation of R = 1.5 
a,. At larger nuclear separations, this orbital. progressively 
displayed more chlorine Jd character so that at R = 2.5 a, it 
was composed almost equally of chlorine-3d and 4s basis 
functions. a.. 
For the 7r Rydberg orbital, the SEC1 was of 411 symme- 
try and the 506u2n valence space was kept intact, while the 
virtual space was partitioned into the 16 r orbitals and all 
other orbitals. Single excitations were only permitted into 
the space of 16 G- orbitals. The Rydberg orbital of P symme- 
try selected after natural orbital analysis was composed pri- 
marily of the chlorine 4p basis function [ C(4p) = 1.48 at 
R = 1.5 a, ] with progressively greater chlorine 3d character 
contamination at larger nuclear separations so that at 
R = 2.5 a,, it was also composed equally of chlorine 4p and 
3d basis functions. 
In forming the final CI wave function the orbital space 
was partitioned as follows: la - 3ulz- (core); 40 - 6~2~ 
(valence); 7u37r (Rydberg); the remaining 24u, 141~, 7S,24 
(virtual). The K and L shells of chlorine form the core and 
the seven electron CI wave function was constructed to ac- 
count for electron correlation as well as valence-Rydberg 
mixing. As shown in Table II, all single and double excita- 
TABLE II. Electron distribution among the valence, Rydberg, and virtual 
orbital spaces in linal CI wave function. 
Valence Rydberg Virtual 
7 0 0 
6 1 0 
6 0 1 
5 1 1 
5 -’ 0 2 
5 2 0 
4 2 1 
4 1 2” 
“Only restricted Rydberg excitations included (see the text). 
tions from the valence to the virtual space were included as 
well as all possible arrangements of one electron in the Ryd- 
berg space and the rest of the electrons in the virtual space. A 
particular distribution of the seven electrons in the CI wave 
function is represented by three integers (ij k), where i, j, 
and k denote the number of electrons in the valence, Ryd- 
berg, and virtual space, respectively. 
It was found that due to the 3d character admixture in 
the Rydberg orbitals at larger nuclear separations, the Ryd- 
berg space had significant correlating behavior even though 
it was a nominally internal set. This is due to the fact that the, 
3d basis functions are normally used to provide in-out and 
angular correlation for s-type basis functions. Therefore ex- 
citations in which the Rydberg space is kept doubly occupied 
[i.e. (5 2 0) and (4 2 1) ] were essential in order to produce a 
more energetically favorable CI wave function. The excjta- 
tion (3 2 2) was not included since it contained quadruple 
excitations from the valence space, resulting in far too many 
CSFs to be computationally feasible in a calculation of all 12 
molecular states of interest in this study. 
The inclusion of the (4 12) excitation provides correla- 
tion of the internal sets with the Rydberg space singly,occu- 
pied. Because of the number of excited states and different 
symmetries desired, it was necessary to restrict the number 
of configurations arising from this occupation. One calcula- 
tion with the entire (4 1 2) orbital space was performed at 
R = 1.8 a,, for each symmetry. It was. found that the only 
Rydberg configurations contained in the CI wave function 
which had a coefficient greater than 0.05 were 4u25u2d7u 
and 4u”5u”223~ for ‘II and 411 symmetry and 
4u25u”2d7u and 4~” 5~223~ for 22 + , 28-, 48-~, and 2A 
symmetry. For the (4 12) excitation space, only configura- 
tions arising from these reference configurations were al- 
lowed giving a restricted (4 12) orbital space that was com- 
putationally manageable. The total numbers of CSFs for 
each symmetry are given in Table III. 
By retaining all significant Rydberg configurations, the 
more compact wave function arising from the restricted 
(4 1 2) excitation space ( 162 205 CSFs for 211 symmetry) 
described Rydberg behavior almost as well as the much larg- 
er wave function arising from the entire (4 1 2) excitation 
space (with three times as many CSFs). At R = 2.5, the 
energy of the ground state decreased by less than 0.03 eV for 
the larger wave function vs the restricted wave function. The 
TABLE III. Number of configuration state functions (CSFs) for each sym- 
metry. Results refer to wave functions incorporating restricted (4 12) exci- 
tation space only. For ‘II symmetry, the number of CSFs for wave function 
using entire (4 1 2) excitation space is 365 950. 
Symmetry CSFs 
*rI 162 205 
9 123 794 
2h 120 568 
z-9+ 89 530 
%- 89 258 
4I- 71770 
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energies of the two excited states of ‘ll and ‘I: + symmetry 
decreased by no more than 0.06 eV. Therefore the excitation 
energies (between the X state and the excited states) de- 
creased by less than 0.03 eV for the larger wave function vs 
the restricted wave function. 
In order to demonstrate the significance of the Rydberg 
orbitals in the excited states, test calculations were per- 
formed comparing the ability of the CI wave functions to 
describe states of ‘H and 28 + symmetry with and without 
the Rydberg orbitals. The CI wave function was as described 
above (i.e., as given by all excitations in Table II). In the first 
case, Rydberg orbitals were used for the 7~3~ Rydberg 
space whereas in the second case, the regular 703~ MCSCF 
orbitals obtained from the CASSCF calculation (as de- 
scribed above) were substituted. Thus, in the latter case, the 
Rydberg character was not removed from the basis set alto- 
gether, but appeared only in the virtual space. Table IV 
shows vertical excitation energies from the lowest states of 
each symmetry at R = 2.0 a,. The excitation energies show 
that significant energy lowering is achieved for the second 
and third excited states only in the first case, namely when 
the Rydberg orbitals are included in the internal space. Simi- 
lar calculations at R = 2.5 a, showed that Rydberg behavior 
is present in the higher lying states even at nuclear separa- 
tions in the proximity of the potential well m inimum of theX 
state. 
No states exhibited Rydberg behavior beyond R = 3.1 
a, except for the (4) ‘I7 and (4) ?Z + states, whose long 
range behavior is not well characterized. Nevertheless, Ryd- 
berg orbitals were retained in the CI wave function up to 
R = 5.0 a,, to ensure continuity of the potential curves. Be- 
yond R = 5.0 a, it was not possible to determine orbitals 
with significant Rydberg character. The change in energy 
due to removing the Rydberg orbitals and replacing them 
with the regular 7a and 39~ MCSCF orbitals at this 
switchover point was less than 1.2 mhartree in all cases. 
Initially only orbitals of a, rr, and S symmetry were in- 
eluded in the virtual space. At large separations the energies 
of states separating to the common lim it of H + Cl + should 
be degenerate, yet the energy differences for states of princi- 
pal configurations differing by ;1= 1 were significant. For 
the ’ Z - (principal configuration * * *4a”W6a2r2) and 
X*II (principal configuration - - *4&c22rr3) states, this 
energy difference amounted to 0.0247 eV at R = 20.0 a,. 
This discrepancy may be attributed to the inclusion of only 
the S orbitals which provide an asymmetric degree of corre- 
lation for valence configurations differing in the occupation 
of a single u and 7~ orbital. Inclusion of the 4 orbitals elimin- 
ated this discrepancy. 
All calculations mentioned above were performed using 
the ALCHEMY system of programs developed by Bagus, Liu, 
McLean, and Yoshimine, and the ALCHEMY II system of 
programs developed by Yoshimine, Lengsfield and Liu. 
III. RESULTS AND DlSCUSSlON 
A. Potential energy curves 
In Tables V and VI we present the energies at 3 1 inter- 
nuclear distances for the first three states of 211 and 28+ 
symmetry and the lowest lying of each of the states of 22 -, 
42 -, 411, and 2A symmetry. Potential curves of all the states 
are given in Figs. 2 and 3. The calculations for the fourth 
states of ‘II and “Z + symmetry are less accurate than the 
lower lying roots and are given only qualitatively in Figs. 2 
and 3. 
The calculated and spectroscopic energies of the asymp- 
totic separated atom lim its are given in Table VII. For lim its 
involving the ‘S, ID, and 3P terms of Cl +, the calculated 
splittings are in excellent agreement with the spectroscopic 
values. However, the calculated splitting between the 
H+ + C1(3p512Po) and H + Cl+ (3p4j3P) lim its is in error 
by 0.41 eV. The energy difference between the two lim its 
corresponds to the difference between the ionization poten- 
tial of hydrogen and that of chlorine. No correlation error is 
TABLE IV. Comparison f vertical excitation energies (AE) at R = 2.0 cc from the X211 state with Rydberg vs MCSCF orbitals employed in 7o3oorbital 
space. 
State 
Energy (a.u.) 
below - 459.0 a.u. 
Rydberg 
‘II Symmetry 
BE (eV) 
from X  state 
Energy (au.) 
below - 459.0 a.u. 
MCSCF 
AE (eV) 
from X  state 
x211 
(2) 33 
(3) Q 
(4) “rl 
State 
- 0.825 54 . . . - 0.823 09 . . . 
- 0.298 05 14.4 - 0.245 83 14.7 
- 0.250 03 14.7 - 0.232 98 15.1 
- 0.226 96 16.3 - 0.20144 16.9 
‘Z+ Symmetry 
Rydberg MCSCF 
Energy (au.) AE  (eV) Energy (a.u. ) BE  (eV) 
below - 459.0 a.u. from Xstate below 459.0 - au. from Xstate 
AS+ - 0.654 10 4.67 - 0.646 91 4.72 
(2) 28+ - 0.361 61 12.6 - 0.350 90 12.8 
(3) 3 + - 0.268 95 15.1 - 0.251 97 15.5 
(4) %+ - 0.231 39 16.2 - 0.217 76 16.4 
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TABLE V. Calculated energies (a.u.) for states of ?I and ?Z + symmetry relative to - 458.0 a.u. 
R(G, 1 x3-l (2) 2rI (3) Q A%+ (2) ?s+ (3) zzl+ 
1.50 - 1.466 23 - 0.926 23 -0.85205 - _ 1.277 68 - 0.948 65 - 0.863 26 .~ 
1.60 - 1.588 53 - 1.051 58 - 0.979 67 - 1.40200 - 1.078 79 - 0.988 53 
1.70 - 1.678 48 - 1.143 63 - 1.074 92 - 1.494 69 - 1.177 97 - 1.083 08 
1.80 - 1.744 31 - 1.21149 - 1.147 49 - 1.564 01 - 1.255 10 - 1.161 4i 
1.90 - 1.791 87 - 1.261 50 - 1.203 86 - 1.615 71 - 1.314 98 - 1.221 96 
2.00 - 1.825 54 - 1.298 05 - 1.250 03 - 1.654 10 - 1.361 61 - 1.268 95 
2.10 - 1.843 66 - 1.324 87 - 1.291 84 - 1.682 42 - 1.398 19 - 1.305 51 
2.20 - 1.863 77 - 1.347 08 - 1.328 38 - 1.703 12 - 1.427 17 - 1.333 91 
2.30 - 1.872 82 -- 1.376 10 - 1.349 18 - 1.718 05 - 1.450 48 - 1.355 79 
2.40 - 1.877 28 - 1.408 37 - 1.359 61 - 1.728 60 - 1.469 62 - 1.372 44 
2.50 - 1.878 31 - 1.438 50 - 1.368 86 - 1.735 83 - 1.485 70 - 1.384 83 
2.60 - 1.876.77 - 1.465 86 - 1.381 79 - 1.740 52 - 1.499 52 - 1.393 84 
2.70 - 1.873 35 - 1.490 51 - 1.39643 - 1.743 29 - 1.511 65 - 1.400 34 
2.90 - 1.862 81 - 1.532 25 - 1.425 39 - 1.744 73 - 1.532 17 - 1.410 15 
3.10 - 1.849 56 - 1.565 17 -1.453 10 - 1.742 64 - 1.548 95 - 1.426 76 
3.30 n - 1.835 32 _ 1.590 77 - 1.479 58 - 1.738 50 - 1.562 87. - 1.453 24 
3.50 - 1.821 10 - 1.610 47 - 1.50460 - - - 1.733 22 1.574 53 1.479 65 
3.75 - 1.804 17 - 1.628 66 - 1.533 18 - 1.725 87 - 1.586 65 - 1.507 52 
4.00 - 1.788 66 - 1.64149 - 1.558 19 - 1.718 33 - 1.596 81 - 1.529 18 
4.50 - 1.762 50 - 1.656 68 - 1.596 97 - 1.704 13 - 1.613 55 - 1.556 66 
5.00 - 1.74.2 73 - 1.664 10 - 1.622 53 - 1.692 27 - 1.626 87 - 1.569 76 
5.50 - 1.728 58 - 1.668 13 - 1.637 96 - 1.683 17 - 1.636 79 - 1.575 42 
6.00 - 1.719 06 - 1.670 72 - 1.646 16 - 1.676 64 - 1.643 57 - 1.577 65 
7.00 - 1.709 82 - 1.672 85 - 1.65140 - 1.669 76 - 1.650 19 - 1.578 50 
8.00 - 1.707 14 - 1.672 22 - 1.652 00 - 1.667 90 - 1.65175 - 1.578 23 
9.00 - 1.706 40 - 1.67106 - 1.651 88 -- 1.667 70 - 1.651 83 - 1.577 95 
10.00 - 1.706 15 - 1.670 44 - 1.651 74 - 1.668 19 - 1.651 73 - 1.577 80 
12.50 - 1.705 99 - 1.669 70 - 1.651 59 - 1.668 56 - 1.651 59 - 1.577 66 
15.00 - 1.705 94 - 1.669 44 - 1.651 54 - 1.668 76 - 1.651 54 - 1.577 61 
17.50 _ 1.705 92 - 1.669 31 .- 1.651 52 - 1.668 88 - 1.651 52 - 1.577 59 
20.00 - lJ7p5 91 - 1.669 23 - 1.651 51 - 1.668 94 - 1.651 51 - 1.577 58 
I,“il.. 
made in describing the hydrogen atom because it has only 
one electron. Significant correlation error is made in describ- 
ing Cl( 3~‘) ‘asp opposed to Cl + ( 3p4) and this may be en- 
countered at different levels in the calculation. The STF ba- 
sis set may not be sufficient to describe Cl and Cl+ 
equivalently, and the Cl 3pa valence orbital may have slight- 
ly different character depending on V’ vs n” occupation. 
Most significantly, the level of correlation in the wave func- 
tion (single and double excitations only) simply is not ade- 
quate to describe the Cl( 3g5) vs Cl + ( 3~~). # - . 
The long range behavior of all the states dissociating to 
H + Cl+ asymptotes is attractive, due to charge induced 
dipole effects. All of the repulsive states [except the 
(2) ‘2 + ] display a minimum between 6.9 and 8.0 ad with 
well depths ranging from approximately 200 to 800 cm - ‘, 
Some of this apparent attraction is due to polarization and 
some is due to basis set superposition error. In a configura- 
tion interaction treatment. using the counterpoise technique 
we computed the basis set, superposition error in this’region 
to range from 92 cm- ’ at R = 6.0 a0 to 24 cm- ’ at &= 8.0 
a,. 
In the H + + Cl( 3p512Po> limit, the principal configu- 
rations for the A ‘B + and (2) ‘II states are - *-- 5~2~~ and 
* + *5a’2&, respectively, so that this is a case in which the one 
unpaired electron produces two distinct configurations dif- 
fering by one unit of angular momentum along the nuclear 
axis. The long range ion-atom potential applicable to this 
case consists of quadrupole and charge induced dipole com- 
ponents given in atomic units by 
al a??? v, =---, 
2R3 2R4 
(2) 
where m = ML is the magnetic quantum number of the neu- 
tral atom state, m = 0 corresponding- to a Z state and 
m = f. 1 to the II state, and a, is the polarizability of the Cl 
atom and Q, its quadrupole moment, 
Q, = ( - lYY2 - lml)sb$>. (3) 
The difference in the long range potentials for the Z and II 
states is 
Q‘4 v, - v, = - - (ax -an) 
2R3 2R4 ’ 
(4) 
where the quadrapole anisotropy is 
QA = $(G$). 
Reinsch and Meyer14 using PNO-CEPA configuration ex- 
pansions obtained the result ar - an = 2.16 for the polar- 
izability anisotropy of chlorine. Using it and fitting our re- 
sults between R = 10.0 a, and R = 20.0 ao, we obtain a 
value of QA = 4.76 + 0.4 a.u., in good agreement with the 
value of QA = 4.87 a.u. evaluated with the result 
{&) = 4.06 ai of Fischer.‘” 
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TABLE VI. Calculated energies (a.u. ) for states of *Y, - , 2& 4X - , and 41l 
symmetriesrelativeto - 458.0a.u. 
1.50 
1.60 
1.70 
1.80 
1.90 
2.00 
2.10 
2.20 
2.30 
2.40 
2.50 
2.60 
2.70 
2.90 
3.10 
3.30 
3.50 
3.75 
4.00 
4.50 
5.00 
5.50 
6.00 
7.00 
8.00 
9.00 
10.00 
12.50 
15.00 
17.50 
20.00 
-0.992 38 -0.97674 - 1.04624 - 0.958 11 
- 1.117 29 - 1.103 00 - 1.172 76 - 1.083 37 
- 1.210 17 
- 1.285 30 
- 1.345 65 
- 1.39444 
- 1.43448 
- 1.467 90 
- 1.496 29 
- 1.52079 
- 1.542 19 
- 1.56106 
- 1.577 81 
- 1.60608 
- 1.628 63 
- 1.64662 
- 1.660 89 
- 1.67453 
- 1.68452 
- 1.696 82 
- 1.702 85 
- 1.705 57 
- 1.706 62 
- 1.70684 
- 1.706 50 
- 1.70624 
- 1.706 10’ 
- 1.705 97 
- 1.705 93 
- 1.705 92 
- 1.70591 
- 1.195 03 
- 1.268 17 
- 1.32666 
- 1.373 71 
- 1.41209 
- 1.44382 
- 1.47045 
- 1.493 10 
- 1.512 57 
- 1.52947 
- 1.54425 
- 1.568 72 
- 1.587 88 
- 1.60297 
- 1.61487 
- 1.62621 
- 1.63448 
- 1.64461 
- 1.649 49 
- 1.651 62 
- 1.652 38 
- 1.65239 
- 1.65202 
- 1.65176 
- 1.651 62 
- 1.65149 
- 1.65145 
- 1.65144 
- 1.65143 
- 1.26503 
- 1.33809 
- 1.39643 
- 1.44323 
- 1.48124 
- 1.512 49 
- 1.538 52 
- I.56046 
- 1.579 13 
- 1.595 18 
- 1.609 07 
- 1.631 74 
- 1.649 23 
- 1.662 86 
- 1.673 55 
- 1.683 69 
- 1.69109 
- 1.700 15 
- 1.704 50 
- 1.706 38 
- 1.707 00 
- 1.706 92 
- 1.706 52 
- 1.706 25 
- 1.706 10 
- 1.705 97 
- 1.705 93 
- 1.705 92 
- 1.705 91 
- 1.175 52 
- 1.243 77 
- 1.294 81 
- 1.33447 
- 1.370 18 
-1.40572 
- 1.439 19 
- 1.469 78 
- 1.497 53 
- 1.522 61 
- 1.54520 
- 1.583 55 
- 1.613 90 
- 1.637 56 
- 1.655 78 
- 1.672 57 
- 1.68435 
- 1.698 01 
- 1.704 12 
- 1.70657 
- 1.707 32 
- 1.707 15 
- 1.706 64 
- 1.70631 
- 1.706 14 
- 1.705 99 
- 1.705 94 
- 1.705 92 
- 1.705 91 
0 -1.5c \ \(3Fn 
g -1.7b \ 
I IA+. rlGwJ, 
1 
-1.9. :, ,, ,K, ,, , , , ,, , (, , , , , ,, , , ,, 
1 2 3 4 5 6 7 a 
Yao) 
Calculated Spectroscopic 
H+ + Cl(3pSIzPo) 0.990 0.581’ 
H + Cl+ (3~~1’s) 1.48 1.44 
H+Cl+(3p41’D) 3.49 3.46 
FIG. 2. Potential energy curves of ‘II symmetry. “Indicates correlation error in describing Cl wave function is 0.409 eV. 
g 
F 
3 -1.6 
ii! 
2; 
z 
-1.7 
B 
-1 .a 
r 
-1.9: 
1 2 3 4 5 6 7 a 
R&J 
PIG. 3. Potential energy curves of ‘2 - , ‘A, ‘8 -, 411, and ‘): + symmetry. 
The X ‘II and A ‘2 + states exhibit Rydberg character 
only at small internuclear distances, whereas the higher 
roots of ‘I’I and ‘2 + symmetry show a high degree of va- 
lence-Rydberg mixing for R < 4.5 a0 . The X ‘fI state wave 
function changes smoothly from a * * * 5a22d configuration 
to -3 -5u6u2d at large R. The A ‘Z + state wave function is 
predominantly composed of the * * -5~2~~ configuration at 
all nuclear separations but also displays some configuration 
mixing with the (2) ‘2 + state at nuclear separations beyond 
R, of the A state involving the * * *6cr2# and * * -5026u2d 
configurations. For R < 2.5 a,, the avoided crossings of the 
(2) ‘II, (3) ‘II, and (4) ‘I1 states (see Fig. 2) are due to 
configurational mixing of Rydberg (: * -5~7a2ti and 
* * *5u”223~) and valence configurations ( * * -5a22r3 and 
- . -5u602a3). For R < 2.0 a,,, the Rydberg configurations 
dominate the description of these states. For the ( 1) 411, 
( IL > ‘H -, ( 1) ‘A, and ( 1) 42 - states at small nuclear sepa- 
rations (R < 2.0 a, > there is minimal interaction with con- 
figurations involving the 7u and 37r Rydberg orbitals while 
for R > 2.0 a, it is not significant. For R > 2.0 a, the ‘II state 
is dominated by the * - * 506026 coniiguration at all nuclear 
TABLE VII. Asymptotic energy splittings (eV) of separated atom limits 
relative to H + Cl+ (3p41’P). 
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separations while the ‘8 -, ‘A, and ‘Z - states are similarly 
dominated by the . * *5a26a2d configuration. 
Vibrational and rotational energy levels were computed 
for the bound states by numerical integration of the radial 
Schrodinger equation, 
z2 .I2 I& cd --- 
+ &2XY(R) 
i 
V(R) + [J(J+ ‘) -n21 ~- 
2pR 2 
, 
(5) 
where V( R ) is the potential energy and ,U the reduced mass. 
The reduced mass of HCl’. is 0.979 89 and that of DC1 + 
1.959 78 amu. In determining the rovibrational constants, 
the same vibrational levels were used as in the study of Sheas- 
ley and Mathews. The rovibrtitional energy levels for U” = 0, 
1, and 2 were fitted in the case of the Xstate to an expression 
appropriate to Hund’s case (a) coupling including only the 
diagonal portion of the rotational Hamiltonian, 
T(m = w, (u + $1 - 0,x, (0 + 1)’ 
+B,[J(Ji- 1) --f121r (6) 
where 
B, =B, -a,(u+j>. 
Since the A state is of ‘2 + symmetry and belongs to Hund’s 
case (b), the rotational term was taken to be 
B, [iV(N+ 1) - A”] withJ= iV& l/2 (i.e., rotational lev- 
TABLE VIII. Spectroscopic constants for the X*II and A ‘-E + states. 
els for the same value of Nbut different values of Jare degen- 
erate). For the A ‘8 + state we fitted the u’ = O-6 and 
u’ = O-9 levels for HCl + and DC1 + , respectively. For the 
lowest three vibrational bands of both the X and the A state, 
eight rotational energy levels were used in the fitting proce- 
dure while for the higher bands four rotational levels were 
used. The spectroscopic constants for the Xand A states are 
presented in Table VIII and are compared with the values 
derived from the experimental data of Sheasley and Math- 
ews,2 Hotop et aZ.,16 and Natalis et aZ.17 For the Xstate, the 
agreement between the calculated and experimental rovibra- 
tional constants is excellent. The vibrational parameter w, of 
the A ‘2 + state is in good agreement with experiment but 
the anharmonicity parameter w,x, shows a significant dis- 
crepancy. This is most certainly due to the f&t that the cor- 
relation error in the chlorine ionization potential displaced 
the HC + Cl(2Po) asympotote upwards by 0.41 eV thus 
forcing the calculated A ‘B + state potential curve to rise 
more steeply between R, and the separated atom limit. This 
made the A state potential curve more harmonic thereby 
reducing w,x, at intermediate nuclear separations and ad- 
versely affect&g the position of the higher rovibrational lev- 
els. This was demonstrated by repeating the rovibrational 
analyis for the A state of HCl + with the levels of the upper 
two vibrational bands u = 5 and 6 excluded. The resulting 
values for w, and w,x, were 1593 and 37.2 cm-‘, respective- 
ly, in much better agreement with experimental values. 
These improved results attest to the significance of the corre- 
x211 
R, (ao) 
A%+ X211 
4 (ev) 
A%+ 
T. (W 
X%-A ‘1: + 
This work 2.485 .^ 2.865 4.69 2.07’ 3.634 
Werner ef al.” 2.493 2.862 . . . . . . 3.573 
SMb (expt.) 2.485 2.861 *.. . . . 3.549 
Hotop’ et al. (expt.) 0-n . . . 4.812(5)’ 1.856(5) 3.536( 10) 
NPLC’ (expt.) -.* . . . 4.50 2.04 3.452( 5) 
X’II (cm-‘) 
we @exe a, Be 
HCI’ This work 2672 52.5 0.289 9.82 
Werner et al. 2579 . . . . . . . . . 
SM 2673 52.0 0.31 9.94 
DCI+ This w&k 1927 27.5 0.107 5.08 
SM 1918 27.0 0.110 5.11 
A%+ (cm-‘) 
0, 0,X, a, 4 
HCI + This work 1572 30.1 0.290 7.40 
Werner et al. 1572 . . . . . . *.. 
SM 1606 40.3 0.330 7.51 
DCl+ This work 1147 17.7 0.103 3.81 
SM 1152 20.4 0.122 3.85 
“Sheasley and Mathews. Reference 2 
b Werner et al. Reference 10. 
‘Hotop et al. Reference 16. 
dNatalis et nl. Reference 17. 
“Includes 0.41 eV correlation error in Cl wave function. 
‘Parentheses indicate stated errors. 
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lation error present in the A state at larger nuclear separa- 
tions which affects especially the higher vibrational levels. 
The correlation error at the separated atom limit con- 
tributes to our overestimate of 2.07 eV for the dissociation. 
energy (D, ) of the A state as compared to the value of 1.86 
eV given by Hotop et aZ.16- (Table VIII). Our result of 4.69 
eV for the dissociation energy of the X211 state is in good 
agreement with the experimental value of 4.81 eV.id The 
experimental values of D, of Natalis et al. i’ for theX ‘II and 
A % + states are Birge-Sponer extrapolations of vibrational 
levels accessed in their Penning ionization study and are less 
reliable than those of Hotop et all6 .’ 
B. Transition moments 
The transition dipole moment D(R) between two elec- 
tronic states is the matrix element over all electronic coordi- 
nates of the dipole operator d = - B,e ri between the initial 
and final electronic states. Here r, = (qg,,z, ) is the position 
vector of the ith electron with the z axis along the line joining 
the nuclei; e is the electronic charge, and the summation is 
over all electrons. For each fixed R, the transition dipole 
moment D( R) in atomic units for 2-H and A-H transitions 
is given by the matrix element (& 1 - Zj (x, + Qj )/,/?I $n ) 
and (r/~~ 1 - Ej (x, + iy/ )/al l/n ) respectively. For II-H 
transitions, D(R) reduces to the matrix element of the di- 
pole operator - Zjzj. 
Transition moments between the X2H state and all 
states which can be accessed by a dipole transition were cal- 
culated and are listed in Table IX and shown in Figs. 4 and 5. 
By performing natural orbital iterations (two cycles) inde- 
pendently upon the X211 and A ‘Z + states at R =2.5 a,, 
and then using the output wave functions to compute the A- 
X transition moment, we found the dipole moment for the A- 
X transition decreased by 0.011 a.u. or roughly 8%. 
The dipole moment for the A-X transition is shown in 
Fig. 6 and compared to the theoretical results of Werner et 
al. lo and the analytic form stated by Glenewinkel-Meyer et 
al.,: which .was derived from their experimental results and, 
normalized to the,value of 0.54 D at R = 1.0 A. Our calcu- 
lated dipole moment compared to the result of .Werner ef 
aZ.*’ within the Franck-Condon region for A-X vibrational 
transitions (2.4~ R < 3.5 ao) is larger by 0.01. ea,, at 
R = 2.5 a, and as much as 0.916 ea, at R = 3.0 a,. 
The “B - and 2A states are composed of the same princi- 
pal configurations, but -different angular momentum cou- 
plings so that their transition moments with the X211 state 
are very similar in form, as shown in Fig. 4. 
The higher states of 211 and 22 + symmetry are dominat- 
ed by Rydberg behavior at small nuclear separations 
(R < 2.1 a, ) and continue to show significant Rydberg be- 
havior at larger separations where valence configurations 
dominate their wave functions. The change in sign and mag- 
nitude of the transition moment functions depends on the 
TABLE IX. Transition moments (a.u.) between the X’Il state and dipole accessible states. 
R@,) (2) *II (3) =Il - A%+ (2)%x+ (3) 5 f.. %- -: ‘A 
1.50 0.107 - 0.556 0.2556 - 0.258 0.000 0.804 0.795 
1.60 
1.70 
1.80 
1.90 
2.00 
2.10 
2.20 
2.30 
2.40 
2.50 
2.60 
2.70 
2.90 
3.10 
3.30 
0.110 
0.113 
0.113 
0.113 
0.111 
0.108 
0.112 
0.116 
0.116 
0.119 
0.124 
0.132 
0.155 
0.187 
0.228 
- 0.526 
- 0.465 
- 0.373 
- 0.251 
-0.100 
0.016 
0.038 
0.033 
0.147 
0.461 
0.778 
0.967 
1.210 
1.373 
1.491 
0.2455 
0.2309 
0.2192 
0.2073 
0.1948 
0.1820 
0.1618 
0.1564 
0.1438 
0.1316 
0.1296 - 
0.1080 
0.0860 
0.0662 
0.0489 
- 0.205 
- 0.141 
- 0.095 
- 0.056 
- 0.023 
0.003 
0.024 
0.038 
0.048 
0.054 
0.057 
0.057 
0.054 
0.048 
0.042 
o*ooo 
0.000 
0.019 
0.039 
o.b59 
0.078 
0.096 
0.112 
0.128 
0.142 _ 
0.154 
0.162 
0.161 
0.105 
0.047 
0.744 
0.563 
0.472 
0.407 
0.357 
0.317 
0.282 
0.25 1 
0.222 
0.195 
0.170 
0.146 
0.105 
0.073 
0.047 
9.742 
0.595 
0.508 
0.436 
0.374 
0.321 
0.277 
0.238 
0.205 
0.177 
0.152 
0.130 
0.096 
0.069 
0.048 
3.50 0.280 1.583 0.0340 0.034 0.016 0.028 0.033 
3.75 0.363 1.675 0.0183 0.024 - 0.007 0.009 0.020 
4.00 0.468 1.752 0.0051 0.013 - 0.021 - 0.006 0.011 
4.50 0.757 -- 1.866 - 0.0159 - 0.010 -.0.033 0.025 0.002 
5.00 1.164 1.876 0.0306 0.029 x o.oj4 - - - 0.03 1 - - 0.001 
5.50 1.635 1.685 - 0.0389 - 0.038 .- 0.024 - 0.034 0.000 
6.00 1.975 1.274 - 0.0422 - 0.038 - 0.016 - 0.029 0.002 
7.00 1.716 0.445 - 0.0400 - 0.025 - 0.005 - 0.015 0.005 
8.00 0.968 0.107 - 0.0313 - 0.012 - 0.001 - 0.006 0.005 
9.00 0.462-.-mm 0.022 : 0.0065 - __ ._ om- - 0.001 - 0.003 0.000 
10.00 0.214 0.004 - 0.0049 - 0.001 - 0.001 - 0.003 0.000 
12.50 0.029 0.000 - 0.0024 0.001 - - 0.001 - 0.002 o.oOa 
15.00 0.004 O.ooO - 0.0012 - 0.001 - 0.001 - 0.002 0.000 
17.50 0.001 O.OQO - 0.0001 - 0.00~ 0.000 - 0.001 o.ooo 
20.00 O.OGJ O.OOil 0.0000 0.000 0.090 - 0.001 o.ooo 
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2 4 6 
R(a,) 
relative amounts of Rydberg and valence configurations 
within the fmal state wave function. The (3) ‘II transition 
moment changes sign as the final state wave function goes 
from predominantly Rydberg configurations at R = 2.0 a, 
to valence configurations within the Franck-Condon region 
of the X ‘II state. The magnitude of the transition moment is 
greatest when valence configurations predominate. For the 
(3) 211 state, there is also evident a rapid changeover from 
? 
? 
24 2 5 E 
s 
0” *- .Z 
t rt 
8 10 
FIG. 4. Transition dipole moments between 
X state and states of ‘II, ‘2 -, and ‘A sym- 
metry. 
the * * .5a’21r 23a Rydberg configuration to the * * * 5~6~2~ 3 
configuration within the valence region causing sudden de- 
crease of the transition moment between 2.0 <R < 2.6 a,. 
The transition moments of other higher lying states of 211 
and ‘B + symmetry are also significantly affected by Ryd- 
berg behavior. 
For the (3 ) 211 state, we conducted test calculations in 
which the natural orbitals of the (3) ‘III state were iterated 
2 4 6 8 IO 
Wao) 
FIG. 5. Transition dipole moments be- 
tween X state and states of ‘xc sym- 
metry. 
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FIG. 6. Comparison of A-X transition di- 
pole moments. 
Rho) 
twice and then the transition moment with the XVI state 
was computed. The results showed that the transition mo- 
ment varied no more than 9% from the values listed in Table 
Ix. 
C. Radiative lifetimes of A ‘8+ vibrational levels 
The probability of a spontaneous transition from the 
vibrational level U’ of an upper electronic state to the vibra- 
tional level u” of a lower electronic state with no change in 
electronic spin is given by 
A “,,,, =2.026x10-6g~,~,,~Du,v,,~z~--, (7) 
where g is a statistical weighting factor equal to 2 for Z-II 
transitions and 1 for all other transitions, Y”,“,, is the transi- 
tion frequency in cm - r and 
D “tUn = (x,AR)IDWIX&W (8) 
is the vibrationally averaged transition dipole moment in 
atomic units. 
For the case of A ‘2 +-X’II, spontaneous transitions 
into the vibrational continuum of the X ‘II state cannot oc- 
cur for vibrational levels u’ < 6 of the A ‘2 + state. Therefore 
the lifetime r for u’ < 6 is given by 
7”* = l/Z,AU,“,,. (9) 
The absorption oscillator strength from the v” level of 
the Xstate to the U’ level of the A state is given by 
f, wu. = +AEU,U,, IDu,“,, 1’. (10) 
Table X lists values for fU,,U,, A “,“,, , and r”, . Our lifetime val- 
ues are compared to other theoretical and experimental re- 
sults. 
The vibrational wave functionsxV (R > were obtained by 
numerical integration of the radial Schrodinger equation 
(5). For the potential curve of the A ‘I; + state we used the 
RKR curve provided by Sheasley and Mathews’ supple- 
mented in the repulsive portion by our calculated points 
which were interpolated and smoothly attached at R = 2.iO 
ad. Between R = 4.42 a, and R = 5.87 a,, the curve was 
extended beyond the last point provided by Sheasley and 
Mathews2 by settingp = R - R, and using 
V(p) = - D,[l + 1.51(p)]ex1-514 
which connects the RKR curve smoothly to the correct 
asymptotic form as given by Eq. ( 2). For D, , we used 1.856 
eV (Hotop et al. l6 1. In order to check the accuracy of our 
potential curves for the A and X states, we calculated 
Franck-Condon factors ( I (x, IX,,, > 12) and R centroids 
(R, ) for the A-X transition for all ( u’,u” ) band progressions 
considered in this study: 
R = cl!“, IR Ix,-) c k, IX”,~ ) * 
These were compared to previous results,2*5~6 and good 
agreement was found in all cases (at least three significant 
figures). 
We used a value of J = l/2 and fi = l/2 for the A ‘2 + 
state and J = 3/2, fi = 3/2 for the X 211 state in the centrifu- 
gal distortion term of Eq. ( 5 ) and for the spin-orbit energy 
in the 211,,2 state we used A = - 643.7 cm-‘.’ For the 
A ‘B + (ZJ’ = 0) level we obtained a lifetime of r, = 1.73 ,US. 
Repeating the calculation with a value of J = 9/2 in the A 
state and J = 1 l/2 in thexstate we obtained a value for r. of 
1.76,~s. Werner et aI.” obtain a value of 2.5 1 ,US using their 
MCSCF-SCEP dipole moment and Martner et al4 from 
their experimental results inferred an average value of 
3.4 f 0.4,~ for the lifetime of five rovibrational levels in the 
n = 3/2 subband of the A-X transition. 
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TABLE X. Absorption oscillator strengthsf,,, , radiative transition probabilities A,, , and radiative lifetimes for the A-X transition. 
9019 
&fl (x10-=7 
v' 
'I: 0 1 2 3 4 5 6’ 
2.937 4.150’ 
2.359 0.177 
0.162 0.589 
0.117 0.741 
0.008 0.224 
0.000 0.025 
O.OCQ 0.001. 
0.000 0.000 
0.000 0.000 
3.580 
0.514 
1.028 
0.000 
0.334 
0.223 
0.036 
0.001 
0.000 
A J”” (lo5 s- 
VW 
2 
2.406 
1.910 
0.136 
0.613 
0.195 
0.055 
0.144 
0.035 
0.001 
-* ) 
1.415 0.772 0.404 
2.560 2.362 1.803 
0.181 1.007 1.685 
0.665 0.126 0.049 
0.073 0.511 0.485 
0.296 0.03 1 0.113 
0.002 0.171 0.161 
0.060 _ - 0.043 0.034 
0.024 0.012 0.061 
4 5 6 
V’ This work 
3.096 2.053 
4.815 0.173 
4.627 . . . 0.559 
3.391 2.283 
2.159 3.334 
1.264 3.324 
0.707 2.721 
0.542 
0.417 
0.934 
0.137 
0.200 
1.210 
2.184 
Td (/.N 
Ref. 10 
(MCSCF-SCEP) 
0.067 0.004 0.000 0.000 
0.490 0.119 0.010 0.000 
0.000 0.205 0.110 0.014 
0.515 0,136 0.03 1 0.067 
0.619 0.057 0.191 0.001. 
0.128 0.439 0.022 0.102 
0.054 0.456 0.089 0.107 
Ref. 3 Ref. 4 Ref. 6 - 
(expt.1 (expt. ) (expt.) 
0 1.74 2.51 2.58 3.40 * 0.4 3.40” 
1 1.63 2.128 2.30 2.87 
2 1.55 1.91~ 2.22 2.60 
3 1.52 1.78 2.06 i.44 
4 1.52 . 1.71 1.94 2.36 
5 1.53 1.69 1.90 2.34 
6 1.57 1.68 1.85 2.33 
“Normalized to 70 of Ref. 4. 
Both our results (Table X) for the A-X dipole moment 
and the MCSCF-SCEP results of Werner et al. lo show that 
slightly over 50% of the tot.al transition probability from the 
A 22 t- (v’ = 0) level is due to the (u’ = 0, v” = 0) transition. 
Therefore a lifetime of r. = 3.4 ,VS should give a value of 
1.50~ 10m4 for the (0,O) oscillator strength. The value of 
j& = 1.08 f 0.13 x 10 - 4 stated by Martner et aL4 is incon- 
sistent with these results for A-X transition probabilities and 
is considerably smaller than our value of 2.94X 10m4 and the 
value 2.11 X 10s4 of Werner et al.lO’ 
We stated in the previous section that our calculated 
value for the A-X transition moment could vary in the 
Franck-Condon region by as much as0.011 a.u. with respect 
to different orbital sets. A.decrease in our calculated dipole 
moment for the A-X transition by this amount would result 
in a lifetime of r0 = 2.25 pets and an oscillator strength of 
j&, = 2.38 X 10 - 4. Werner et al. lo acknowledge a probable 
uncertainty for the radiative lifetime of 25% due to a 0.01 
au. variation between their PNO-CI and MCSCF-SCEP 
calculations of the dipole moment. Therefore the results of 
Werner et a1.” and this work for the lifetimes and oscillator 
strengths of A-X transitions are consistent within the prob- 
able errors of each calculation. 
The Franck-Condon factor for the U’ = 2- v” = 3 tran- 
sition is less than 4 X 10 -’ and the A,, transition probability 
is a factor of more than 10” smaller than the A, transition 
probability. The absence of the (2,3) band in the emission 
spectra obtained by Glenewinkel-Meyer et aLs and Rodri- 
guez et aL6 is the result of the unusually small A,, transition 
probability. 
The behavior of our lifetimes r,,, as u’ increases differs 
from that of the other studies listed in Table X3,6,1o with the 
variation of our calculated lifetimes from v’ = 0 to U’ = 6 
being considerably less. Our calculated lifetimes decrease 
from u’ = 0 up to u’ = 4 (r4/ro = 0.87) and then begin to 
increase for u’ = 5 and 6 (r6 /r. = 0.90). The smaller range 
of variation of our lifetimes compared to the other studies 
listed in Table X is due to the more moderate slope of our 
A-X dipole moment while the larger value of our dipole mo- 
ment between 2.4 <R < 4.0 a, causes significant A-X transi- 
tion strength to be deposited over a range of higher lying u” 
levels which have smaller <,,,, factors and consequently 
longer lifetimes than in previous studies.3*6*10 
In Fig. 3, we see that the A ‘X + state is crossed by the 
411, “2-, and 48- states between 4.61 and 4.68 a, with the 
411 state crossing at 4.65 a, only 280 cm - ’ below the U’ = 7 
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vibrational level. Predissociation of the A state vibrational 
levels by spin-orbit coupling would be dominated by the 411 
state since its principal configuration (. . *5g6a2rr3) differs 
by only one spin orbital from that of the A state ( * * * 50-2~~). 
Predissociation of the u’ = 7 level of the A state is likely since 
it has not been observed in previous studies”*5*6 and since it 
would have significant transition probability if it were able to 
radiate to the u” - 1 and 2 levels of the X state 
(A,, =2.0X loss-’ andA,, = 2.6X 105s-‘). Raferty and 
Richards9 iu a single configuration approximation for the 
A ‘2 + and 411 states calculated a spin-orbit matrix element 
{A 22 + II&, j4111n) = 260 cm - ‘. For the u’ = 7 level the 
transition probability is estimated to be 
r = 3.65 X lOi11 (x,, 1~~) 1’s - ‘, 
where,y, is the energy normalized continuum wave function 
for the 411 state at the energy of the bound level. We obtain a 
value of 2.1 X 10 - 2 a.u. for the bound-continuum overlap 
resulting in a predissociation probability of 1.6 X lo8 s - ’ 
which shows that the levels 07 are indeed predissociated. 
D. Dipole moments for the X’II and A *Z+ states 
The dipole moments as a function of R for the X ‘11 and 
A 22 + states are given in Table XI. Referred to the center of 
mass of the molecule, our results for the X ‘II state may be 
represented by the following expansion valid in the range 
l.O<R<1.9A(,~inD,Rinh;>: 
p(R) = 1.70 + 2.38(R -R,) + 0.946(R - R,)’ 
- 0.518(R - R,)3. 
They are in good agreement with the result of Werner etal: lo 
p(R) = 1.642 + 2.370(R - R,) + l.O20(R - R,)2 
- 0.604(R - R,)3. 
We tested the stability of our results for the dipole moment 
function with respect to different orbital sets. A natural orbi- 
tal iteration was performed at R, in which the natural orbi- 
TABLE XI. Dipole moments (Debye) of X *II and A ‘S + states. 
R(4,) R 6) XW A%+ 
1.80 0.95 0.98 0.61 
1.90 1.01 1.06 0.83 
2.00 1.06 1.16 1.05 
2.10 1.11 1.25 1.27 
2.20 1.16 1.36 1.49 
2.30 1.22 1.47 1.71 
2.40 1.27 1.59 1.92 
2.50 1.32 1.71 2.14 
2.60 1.38 1.84 2.35 
2.70 1.43 1.98 2.56 
2.90 1.53 2.26 2.97 
3.10 1.64 2.55 3.37 
3.30 1.75 > 2.86 3.75 
3.50 1.85 3.17 4.10 
3.75 1.98 3.56 4.50 
tals of the XZII state which were output in the previous cal- 
culation were used as initial input orbitals in the the next 
calculation. After two successive cycles of iteration the di- 
pole moment, results were found to vary not more than 3% 
from the results obtained from the initial orbital set. 
A fit of the results for the dipole moment function of the 
A ‘2 + state valid in the range 1.3 <R < 2.0 A gave 
p(R) = 2.91+ 3.84(R -R,) + 0.684(R - R,)2 
- 0.488(R -R, )3, 
where R, is now the nuclear separation at the potential well 
minimum of the A 2I: + state. The stability of the dipole mo- 
ment function of the A 28 + state was found to be compara- 
ble to that of the X ‘II state. 
Using vibrational wave functions obtained by solving 
Eq. (5 ) , we computed the lifetime of the X 211 (u = 1 -+ 0) 
rotationless transition which is given in Table XII along with 
other theoretical and experimental results. Our result for 
WC1 + lies within the error limits of the measured lifetimes. 
The results of Heninger et ai.’ for both HCl + and DC1 + are 
significantly smaller than all other determinations. The ratio 
of the lifetimes of the two isotopes DC1 + and HCl + 
(r,,/rn > is also listed for each study. Our result 
r,,/rn = 3.70 equals the ratio (wn/~n)~ (Table VIII) ex- 
pected for harmonic wave functions in these lowest vibra- 
tional bands. The data of Sheasley and Mathews2 give 
(wH/wi, >4 = 3.77. Also listed in Table XII are transition 
probabilities for other vibrational levels up to u = 9 of the 
X ‘LI state. 
E. Photodissociation of HCI+ 
Absorption of radiation from the X’II state of HCI + 
into the repulsive states of ‘I: + , ‘8 -, 211, and 2A symmetries 
causes dissociation of the molecule. Our calculations of the 
fourth statesof 2I: + and 211 symmetry indicate that they do 
not play a significant role in interstellar photodissociation 
due their large excitation energies and small transition di- 
pole moments with the X state. Only absorption into the 
(2) 211 state results in protons plus neutral chlorine, while 
absorption into all other repulsive states considered pro- 
duces Cl + and neutral hydrogen (Figs. 2 and 3 ) . 
The photodissociation cross sections for transitions out 
of the X ‘n state as functions of energy absorbed E are 
CY u (E) =2?T2adf 
I dE vk’ 
(11) 
where a is the fine structure constant and df/dE luk is the 
bound-continuum differential band oscillator strength: 
df 
dE vk I 
= + A&k I& I2 (12) 
with AEUk being the transition energy in a.u., and the bound- 
continuum matrix element D,, given by 
D,, =(~~W)ID(R)IX~(R)), (13) 
also in a.u. 
The energy normalized continuum wave function is ob- 
tained by numerical integration of 
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TABLE XII. Transition probabilities for spontaneous emission (s-.‘) f0.r the X’II state of HCl+ and the 
radiative lifetime of the X ‘II (v = 1) level (ms) . 
V A”+’ ” 
Transition probabilities 
A”f2 D A”+’ u 
0 205.6 6.637 
1 3824 20.43 
2 530.4 41.89 
3 648.5 71.40 
4 736.9 108.8 
5 796.3 153.4 
6 827.9 204.3 
7 834.0 259.9 
8 816.7 318.2 
9 178.9 . . . 
0.1188 
0.5241 
1.416 
3.167 
6.161 
10.99 
18.25 
28.52 
. . . 
. . . 
X211(v = 1 LO) Radiative lifetime 
Experimental Theoretical 
Ref. 7 Ref. 8 Ref. 10 This work 
HCl+(v= l-0) 3.4 f 1.2 4.5 * 1 4.q 4.86 
DCl+(v= 1-O) 13.2*3 -, 17 *4 19.3” 18.0 
%hl 3.88. 3.8 4.19 3.70 
” d2 X/c(R) -~- 
2~ dR2 
V(R) + [J(J+ ‘)I 
2,uR 2 
(14) 
with k being the wave number of asymptotic relative nuclear 
motion. The continuum wave function xk (R) was taken to 
have the asymptotic form 
where SJ is the elastic scattering phase shift. A Boltzmann 
average over the initial rotational states showed- that the 
photodissociation cross sections are insensmve to the rota- 
tional population in the the u = 0 X 2TI level and changed by 
less than 2% near their peak and by 15 % at energies at which 
the cross sections are 2 orders of magnitude less. 
Photodissociation cross sections, neglecting rotation, 
from the u = 0 level of the X state to dipole accessible states 
are shown in Figs. 7 and 8. Only the u = 0 level would be 
significantly-populated in most atmospheric and interstellar 
environments. 
The similarity in the shape and magnitude of the photo- 
dissociation cross sections for the 28 - and 2A states is due to 
\31-0 
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co 
7, 
0 
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FIG. 7. Photodissociation cross sections 
from X state. 
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FIG. 8. Photodissociation cross section from Xstate into (3) *IT state. 
their similar transition moments (Fig. 4) with the X’lI 
state. The asymmetric shape of the X-( 3) ‘II photodissocia- 
tion cross section is due to the rapid rise in the transition 
moment in the neighborhood of R, of the ground state and 
the irregular behavior of the transition moment at small nu- 
clear separations (R < 2.2 a, ) due to avoided crossings. The 
9% uncertainty in our calculation for the X-(3) 211 transi- 
tion moment (Sec. III B) implies that this calculated photo- 
dissociation cross section is accurate to within 20%. 
In the wavelength region 112-155 nm, photodissocia- 
tion of HCI + will proceed through the ‘S - and 2A states 
leading to the production of Cl + C3P) and metastable 
Cl + (‘D). Between 100-l 10 nm, photodissociation through 
the (2) 211 state dominates and produces Cl + (3P> though 
the peak cross section for this process is three times less than 
the peak cross sections of the 28- and 2A states. 
For wavelengths shortward of 100 nm the cross section 
for photodissociation through the (3) 22 + state shows that 
significant production of metastable Cl + ( ‘S) is possible. 
The photodissociation of HCl + in this wavelength region is 
dominated, however, by the (3) 211 state which for 
;1< 95 nm has a cross section that is more than an order of 
magnitude greater than any other presented here and dem- 
onstrates that production of metastable Cl + ( ‘D) is the ma- 
jor end product of photodissociation of HCl + at ultraviolet 
wavelengths. 
IV. SUMMARY 
We have computed potential curves for the ten lowest 
lying states of HCl + giving a balanced description of Ryd- 
berg-valence mixing for repulsive states that are important 
in photodissociation. Calculations have also been made of 
the dipole moment functions of the X 211 and A 2L: + states 
and transition moment functions from the X state to dipole- 
allowed excited states. 
Our computed values for the A-X dipole moment are 
larger than those from previous determinationss,6J0 for 
R > 2.4 a,. For the A ‘I: + state, our results for the radiative 
lifetimes are consistent within probable errors with previous 
theoretical results” but are a factor of two less than experi- 
mental determinations.4,6 Vibrational levels v’>‘7 of the 
A “Z + state are predissociated primarily by spin orbit cou- 
pling to the 411 state. 
Our radiative rate (Table XII) for the X 211 ( u = 1 + 0) 
transition is in good agreement with experimental results.‘,’ 
The major pathway to photodissociation of HCl + in the 
wavelength region R < 100 nm is through the (3) 211 state 
leading to the production of metastable Cl( ‘D). 
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APPENDIX 
In order to test the accuracy of our numerical computa- 
tions, we employ the sum rule of Stephens and Dalgarno.18 
If{x” ,xk ) is a complete set of discrete, bound vibration- 
al wave functions ,,y” and energy. normalized continuum 
wave functions xk, and D is an operator connecting these 
states to the vibrational level of another electronic state +, 
then, in general, 
WD’IIjl) =T IkIW)I’ 
+ s I t~,w ID I@ I2 de (15) _. B 
where the wave number and energy of relative motion are 
related by E = #k “/2,u. 
For radiative decay from the A 22 + (u’ = 0) level, we 
included in the sum all levels (u” < 15) of the X ‘II state 
which lie below the A ‘2 + (u’ = 0) level. Only the sum over 
discrete vibrational levels is relevant and the sum rule was 
satisfied to within 0.0023%. The higher levels of the A ‘8 + 
state similarly satisfied the sum rule to within 0.001%. 
For transitions from the X state to continuum states, 
only the second term on the right-hand side contributes. For 
the X2&‘A transition, the inclusion in the integral of an 
energy range of t 3 eV around the peak of the oscillator 
strength ( 10.2 eV) satisfies the sum rule to within one part in 
5.9 X 103. In all other such cases, the sum rule was similarly 
satisfied to better than 0.02%. 
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